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The Ciliophora is one of the most studied protist lineages because of its important ecological role in the 
microbial loop. While there is an abundance of molecular data for many ciliate groups, it is commonly 
limited to the 18S ribosomal RNA locus. There is a paucity of data when it comes to availability of pro- 
tein-coding genes especially for taxa that do not belong to the class Oligohymenophorea. To address this 
gap, we have sequenced EST libraries for 11 ciliate species. A supermatrix was constructed for phyloge- 
nomic analysis based on 158 genes and 42,158 characters and included 16 ciliates, four dinoflagellates 
and nine apicomplexans. This is the first multigene-based analysis focusing on the phylum Ciliophora. 
Our analyses reveal two robust superclades within the Intramacronucleata; one composed of the classes 
Spirotrichea, Armophorea and Litostomatea (SAL) and another with Colpodea and Oligohymenophorea. 
Furthermore, we provide corroborative evidence for removing the ambiguous taxon Protocruzia from 
the class Spirotrichea and placing it as incertae sedis in the phylum Ciliophora. 
 
 
 
 
 
1. Introduction 
 
Over the past few years, phylogenomic approaches have been 
employed to untangle deep relationships among major microbial 
eukaryotic lineages and place divergent taxa of evolutionary signif- 
icance (Brown et al., 2012, in press; Burki et al., 2007, 2009, 2012; 
Hampl et al., 2009; Parfrey et al., 2010; Zhao et al., 2012). Large- 
scale phylogenomic analyses are now being utilized to resolve 
questions associated with the shallower nodes of the  eukaryotic 
tree of life (Bachvaroff et al., 2011; Burki et al., 2010). One protistan 
group where such analyses have never been performed is the 
phylum Ciliophora. This is mainly because  sufficient  data  exist  
for only a  limited number of  taxa (Abernathy et  al., 2007; Aury   
et al., 2006; Ricard et al., 2008; Swart et al., 2013). Consequently, 
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phylogenetic inference has been based largely on the 18S ribo- 
somal RNA; however, a single locus is insufficient to infer robust 
phylogenetic relationships (Gribaldo and Philippe, 2000). Thus, 
several evolution and taxonomy related questions remain 
unresolved. 
The ciliate tree is divided in two deep lineages – the Postcili- 
odesmatophora and Intramacronucleata, a split that is supported 
by both molecular and morphological lines of evidence (Baroin- 
Tourancheau et al., 1998; Embley et al., 1995; Gao et al., 2010; 
Hirt et al., 1995; Lynn, 1996, 2003). Beyond this deep division, it 
is generally agreed that there are 11 major ciliate lineages or 
classes and a twelfth single species clade of Cariacotrichea (Adl 
et al., 2012; Lynn, 2008; Orsi et al., 2012; Stoeck et al., 2003). Most 
of these classes are strongly supported by morphology, with the 
exception of the ‘‘riboclasses’’ – the Armophorea and Plagiopylea, 
which are identified only by sequences of the 18S rRNA genes, as 
included taxa lack any morphological synapomorphies (Bernhard 
et al., 1995, 2001; Cameron et al., 2001; Embley et al., 1995; 
 

 ~ 
 
Greenwood et al., 1991; Leipe et al., 1994; Lynn, 2008; Lynn et al., 
1999; Lynn and Strüder-Kypke, 2002; Snoeyenbos-West et al., 
2004; Stechmann et al., 1998). Nevertheless,  the  monophyly  of 
the class Spirotrichea has been challenged in several studies, nota- 
bly those that include Protocruzia spp. While Protocruzia has been 
formally assigned to the Spirotrichea (Lynn, 2008), its phylogenetic 
position remains as one of the most ambiguous since it is rarely 
recovered with the Spirotrichea (Bernhard and Schlegel, 1998;  
Shin et al., 2000; Song and Wilbert, 1997). Some researchers have 
suggested that Protocruzia be assigned its own independent lineage 
status (Li et al., 2010). 
The phylogenetic relationships between the classes of the phy- 
lum generally are uncertain, although there is a robust  clustering 
of Colpodea, Oligohymenophorea, Nassophorea, Prostomatea, Plag- 
iopylea and Phylopharyngea, named CONthreeP (Adl et al., 2012; 
Lynn, 2008). The class Spirotrichea is of uncertain affiliation mak- 
ing it an orphan lineage in the ciliate tree, though some studies     
do recover a moderately supported cluster with the Litostomatea 
and Armophorea (da Silva Paiva et al., 2013; Riley and Katz, 2001; 
Vd’acˇny´  et al., 2010). 
To examine whether the relationships between some of the 
classes differ to those recovered by 18S rRNA phylogenies and to 
elucidate the phylogenetic position of Protocruzia, we increased 
both taxon and character sampling by obtaining RNAseq data from 
11 ciliate taxa. Some of these taxa belong to ciliate lineages for 
which only limited data are available, namely the Colpodea, Litos- 
tomatea and Heterotrichea. Phylogenomic analyses of 158 genes 
show maximally supported groupings of Colpodea + Oligohymeno- 
phorea and Spirotrichea + Armophorea + Litostomatea. Further- 
more, our study illustrates that Protocruzia is not a spirotrich, 
though it remains unclear, if it is an independent lineage or a mem- 
ber of the Heterotrichea. 
 
2. Materials and methods 
 
2.1. Identification, isolation and culturing 
 
Details regarding identification, isolation and culturing of 
individual organisms are provided in Supplementary Information 
section, Appendix A. 
 
2.2. RNA extraction, cDNA libraries, Illumina sequencing, EST 
clustering and annotation 
 
Details regarding RNA extraction from individual organisms are 
provided in Supplementary Information section, Appendix A. 
Poly(A)+ RNA was isolated and cDNA libraries with an insert 
size of 200 bp were constructed according to the standard proto- 
col of the National Center for Genome Resources (NCGR, http:// 
ncgr.org). The cDNA libraries were then sequenced on an Illumina 
Hi-Seq 2000 using paired-end Illumina sequencing at NCGR (New 
Mexico, USA). Raw sequence reads were assembled into clusters 
and those were subsequently annotated using the standard proto- 
cols of NCGR. Further details are provided in Supplementary Infor- 
mation section, Appendix A. 
 
2.3. Basic phylogenomic dataset construction 
 
The 158-gene set used  in this  study was derived from Brown    
et al. (2012), (see also Appendix B, Tables S1 and S2 of this manu- 
script for details on gene and taxon sampling). All genes used in the 
analyses are encoded in the nucleus. Briefly, protein sequences of 
Arabidopsis thaliana were used as the seed reference dataset. For 
each gene, a ‘‘raw’’ dataset was assembled as follows: (1) for each 
taxon up to five sequences per gene were recovered by BLASTP or 
TBLASTN using the reference dataset as query and with an e-value 
cut-off of e-10; and (2) well-characterized paralogues (e.g. HSP70) 
were identified by reciprocal BLAST against the reference dataset. 
Subsequently, each ‘‘raw’’ gene dataset was aligned using 
MAFFT v7.045b (Katoh et al., 2002; Katoh and Toh, 2010) and the 
ambiguously aligned positions were masked with the Block Map- 
ping and Gathering with Entropy (BMGE v1.1) software (parame- 
ters: -g 0.3 -b 5 -m BLOSUM62) (Criscuolo and Gribaldo, 2010). 
Single gene trees were constructed with FastTree (Price et al., 
2009) and each tree was examined by eye to identify and remove 
paralogues and contaminants. Deep branching paralogues that 
span the eukaryotic tree (e.g. HSP70, where cytosolic, mitochon- 
drial and endoplasmic reticulum versions exist) were identified 
by visual inspection and supplemented by BLAST searches. In case 
of paralogy resulting from gene duplication within a specific group 
(i.e. gene duplication in metazoans), the clade with the largest 
taxon sampling was retained. If multiple in-paralogues per species 
(i.e. multiple sequences from one species forming a clade) were 
present, the longest sequence or the shortest branching sequence 
was retained. A single orthologue was kept per taxon. 
 
2.4. Adding ciliate taxa 
 
The assembled contigs of the 11 newly sequenced ciliates were 
screened for orthologues using TBLASTN (e-value cut-off of e-10) 
with the reference dataset as query and translated using an in- 
house script. As ciliates are known to have large numbers of para- 
logues, the top five hits for each ciliate taxon were retained. Single 
gene datasets were then aligned using MAFFT v7.045b, ambigu- 
ously aligned positions were automatically masked with the BMGE 
v1.1 software program, and single gene trees were constructed 
using FastTree. The single gene trees were then inspected visually 
and paralogous/contaminating sequences were removed. Contam- 
inating sequences were identified using BLAST searches against the 
GenBank database. In case of ciliate-specific gene duplications, the 
clade with the largest number of ciliate sequences was retained. As 
in the construction of the base line dataset, if multiple in-para- 
logues per species were present (i.e. multiple sequences from 
one species forming a clade), the longest sequence or the shortest 
branching sequence was kept. 
To additionally test each single gene tree for presence of con- 
taminants and/or paralogues, we generated 100 rapid bootstraps 
for each single gene alignment using RAxML v7.2.6 (model setting 
PROTGAMMALGF). Subsequently, we extracted highly supported 
bipartitions (BP > 70%) and compared them to a multi-furcating 
eukaryotic consensus tree containing all widely accepted eukary- 
otic clades (Brown et al., 2012). Highly supported bipartitions that 
were conflicting with the consensus tree were  examined  by  eye 
and corrected by additional removing of contaminants or hidden 
paralogues. This step was repeated until no obvious conflicts 
remained. 
The final single gene datasets were then aligned using MAFFT 
v7.045b (algorithm linsi) and ambiguously aligned positions were 
automatically masked with the BMGE v1.1 software program. The 
masked alignments were then concatenated into a final 42,158 
amino acid supermatrix using ALVERT from the BARREL-o-MON- 
KEYS software suite (http://rogerlab.biochemistryandmolecularbi- 
ology.dal.ca/Software/Software.htm# Monkeybarrel). From this 
supermatrix two datasets were constructed: (1) medium size data- 
set, containing only alveolates (30 species); and (2) large size data- 
set, containing members from all major eukaryotic super-groups. 
 
2.5. Phylogenomic analyses 
 
Maximum Likelihood (ML) analyses were performed using 
RAxML v7.2.6 under the LG model of amino acid substitution + C 
 
 
distribution (four rate categories) + F (Le and Gascuel, 2008; 
Stamatakis, 2006). The model was selected using the program Prot- 
Test v2.4 (Abascal et al., 2005). The ML tree topologies were gener- 
ated via 50 random tree searches in RAxML (as implemented in 
RAxML). To obtain statistical support, 500 bootstrap replicates 
were analyzed for each tree (Fig. 1, Appendix C, Fig. S1). 
The Bayesian Inference (BI) trees were generated for the mid- 
size dataset using the program PhyloBayes-MPI 1.4e with the CAT-
GTR model + C distribution (Lartillot et al., 2009). Four inde- 
pendent chains were run for 20,000 generations (convergence 
Maxdiff = 0.00996335 with 10% burn-in). Posterior probabilities 
were computed using the program bpcom as part of the PhyloBa- 
yes package (Fig. 2). 
 
2.6. Removal of fast evolving sites 
 
To test for potential phylogenetic artifacts, the fast evolving  
sites removal analysis was performed. Rates per site were com- 
puted using the ML tree in the program Dist_Est (Susko et al., 
2003). Sites were then sorted from fastest  to  slowest  evolving.  
The fastest evolving sites were then sequentially removed in blocks 
of 1000, until 42,000 sites were removed. This resulted in 42 
datasets. These datasets were analyzed by rapid bootstrapping in 
RAxML v7.2.6 (model setting PROTCATLG) and bootstrap support 
for nodes of interest was plotted (Appendix B, Table S3). 
 
2.7. Access 
 
All transcriptomic data are publicly available through the 
CAMERA portal (https://portal.camera.calit2.net/gridsphere/grid- 
sphere). The accession numbers are as follows: Aristerostoma sp. 
MMETSP0125-20120918; Condylostoma magnum MMETSP0210- 
20121227; Euplotes focardii MMETSP0205-20121125; Euplotes 
harpa MMETSP0213-20121227; Litonotus sp. MMETSP0209- 
20121228; Platyophrya macrostoma MMETSP0127-20121128; 
Protocruzia adherens MMETSP0216-20120918; Pseudokeronopsis 
riccii MMETSP0211-20121228; Schmidingerella arcuata [Favella 
ehrenbergii] MMETSP0123-20130129; Strombidinopsis acuminatum 
MMETSP0126-20121128; Strombidium inclinatum MMETSP0208- 
20121228. 
 
3. Results and discussion 
 
In the present study, we increased the taxonomic breadth of the 
ciliate clade by integrating data from 11 ciliates for which EST data 
were not available previously with five pre-existing genomic 
datasets. Our taxon sampling covered six major ciliate groups – 
Heterotrichea, Colpodea, Oligohymenophorea, Litostomatea, 
Armophorea and Spirotrichea. We assembled a 158-gene dataset 
containing 42,158 amino acid positions. This is the largest ‘‘cili- 
ate-based’’ phylogenetic dataset assembled to date in terms of 
number of bases included. All previous studies were based either 
on single or a couple of genes or contained extremely limited sam- 
pling of ciliates (Bapteste et al., 2002; Brown et al., 2012; Budin and 
Philippe, 1998; Burki et al., 2009, 2013; Greenwood et al., 
1991;Hampl et al., 2009;  Hammerschmidt  et  al.,  1996;  Katz  
et al., 2004; Lynn and Sogin, 1988; Sogin and Elwood, 1986). 
All of the analyzed datasets recover maximal statistical support 
for the monophyly of ciliates. This is in agreement with numerous 
studies on morphological characters as well as with the results of 
several previously published works based on single gene phyloge- 
nies (Baldauf and Doolittle, 1997; Barroin et al., 1988; Baroin- 
Tourancheau et al., 1998; Bernhard et al., 1995; Budin and  
Philippe, 1998; Bütschli, 1887–1889; Chatton and Lwoff, 1935a, 
1935b; Elwood et al.,  1985;  Fauré-Fremiet,  1950;  von  Gelei, 
1932,   1934;   Greenwood   et   al.,   1991;   Hammerschmidt   et   al., 
1996; Hirt et al., 1995; Israel et al., 2002; Jankowski, 1967, 1973; 
Katz et al., 2004; Klein, 1928, 1929; Leander and Keeling, 2003; 
Leipe et al., 1994; Lynn and Sogin, 1988; Philippe and Adoutte, 
1998; Sogin and Elwood, 1986). 
 
3.1. Is Protocruzia a spirotrich? 
 
Protocruzia is a marine benthic ciliate with a highly ambiguous 
taxonomic history. In the first molecular study of its histone H4  
and H3 genes, Bernhard and Schlegel (1998) showed that 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Phylogenetic tree estimated from a 158 gene dataset inferred by RAxML under the LG + C model. The numbers at nodes indicate bootstrap support (BS) values. Solid 
black circles indicate BS of 100%. The long black line indicates the subphylum Intramacronucleata. The shorter black line marks  the  newly  identified  assemblage  of  
Spirotrichea + Armophorea + Litostomatea (SAL). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Phylogenetic tree estimated from a 158 gene dataset inferred by PhyloBayes under the CAT-GTR + C model. The numbers at nodes indicate Bayesian posterior 
probabilities (PPs). Solid black circles indicate PPs of 1.0. The long black line indicates the subphylum Intramacronucleata. The shorter black line marks the newly identified 
assemblage of Spirotrichea + Armophorea + Litostomatea (SAL). 
Protocruzia had an ambiguous position dependent upon whether 
nucleotide or protein sequences were used. Subsequent studies 
using 18S rRNA gene sequences showed the genus to be more 
closely related to Spirotrichea (in a basal position) than Postcili- 
odesmatophora (Hammerschmidt et al., 1996; Shin et al., 2000). 
Multiple analyses have since been employed using a limited 
number of genes but the exact phylogenetic position of Protocruzia 
remains unresolved; it has been considered a karyorelictid, hetero- 
trich and spirotrich (Bernhard and Schlegel, 1998; De Puytorac, 
1994; Grolière et al.,  1980;  Lynn, 1981,  1991;  Lynn,  2008;  Shin 
et al., 2000; Small and Lynn, 1981; Song and Wilbert, 1997). Some 
investigators have proposed that Protocruzia be given its own 
lineage status (Li et al., 2010). Currently, the formal taxonomic 
placement of the taxon is within the class Spirotrichea as the only 
species of the subclass Protocruziidia (Lynn, 2003, 2008). 
The present study shows that Protocruzia is not a member of the 
class Spirotrichea (Figs. 1 and 2, Appendix C, Fig. S1). Instead, both 
our analyses place Protocruzia in a deeper and earlier diverging 
position in the ciliate tree. In the ML analysis Protocruzia is sister 
to the heterotrich Condylostoma and this relationship is strongly 
supported (Fig. 1). In the BI analysis the taxon branches after 
Condylostoma indicating an independent lineage separate from 
both Heterotrichea and Spirotrichea, supporting the conclusion of 
Li et al., 2010 (Fig. 2). The discrepancy between the ML and BI anal- 
yses may suggest that they are affected by long-branch attraction 
(LBA) (Philippe et al., 2000). To test whether the ML topology might 
be the result of LBA, we performed removal of fast evolving sites, 
one of the most common ways for suppressing such artifacts 
(Brown et al., in press; Hampl et al., 2009; Philippe et al., 2000). 
Nevertheless, even after doing so, the results of our analyses 
remained unchanged. Therefore, it is more likely that the differ- 
ences in the two topologies are due to the phylogenetic  models 
used in our ML (LG model) and BI (CAT model) analyses. Several 
recent studies that involve large datasets have  shown  that  the  
CAT model is better fitting and  more  biologically  realistic  than  
LG (Brown et al., in press; Burki et al.,  2013;  Lartillot  et  al., 
2009). Thus, the topology derived from the BI analysis is in all like- 
lihood the most accurate. It is very likely that improved sampling, 
especially addition of deep-branching karyorelictid taxa may 
resolve this part of the ciliate tree and therefore the placement of 
Protocruzia. Until these gene data are available, we place 
Protocruzia incertae sedis in the Phylum Ciliophora as our analyses 
very strongly show that it is not a spirotrich. 
The exclusion of Protocruzia from Spirotrichea is further sup- 
ported by a combination of both morphological and ultrastructural 
features: the spirotrich-specific S-phase band that passes through 
the macronucleus during DNA synthesis is absent in Protocruzia 
(Lynn, 2008; Ruthmann and Hauser, 1974). Furthermore, division 
of the macronucleus in Protocruzia exhibits some mitosis-like fea- 
tures, a characteristic that has never been observed in any other 
spirotrich, and which is in fact unique within the phylum 
(Ammermann, 1968; Lynn, 2008; Ruthmann and Hauser, 1974). 
Additional information on its cortical  ultrastructure  would  also  
be informative. Grolière et al. (1980) clearly showed the  presence 
of overlapping postciliary ribbons. However, the  critical  feature  
for systematics is the manner in which the postciliary ribbons 
overlap, and this information is not provided in the micrographs   
of Grolière et al. (1980). To be precise, the postciliodesmatopho- 
rans have postciliodesmata with either a ‘‘2 + ribbon + 1’’ structure 
as in the Class Karyorelictea or a ‘‘ribbon + 1’’ structure as in the 
Class Heterotrichea (Lynn, 2008). To our knowledge, all other over- 
lapping postciliary ribbons of ciliates are not separated by singlet  
or doublet microtubules. Thus, research on the details of the corti- 
cal ultrastructure of Protocruzia would provide significant phyloge- 
netic information. Together, these additional morphological data 
along with a broader taxon sampling of gene sequences would 
enable resolution of the phylogenetic position of this unusual  
genus but also shed light on the early evolution of ciliates. 
 
3.2. Relationships between ciliate lineages 
 
All classes that have more than one representative  –  Colpo- 
dea, Oligohymenophorea and Spirotrichea – are recovered as 
monophyletic and  the  relationships  are  strongly  supported  in  
all methods of analyses (Figs. 1 and 2). The Colpodea + Oligohy- 
menophorea clade is very strongly supported confirming  previ-  
ous studies. This clade is part of a bigger assemblage  that 
comprises six ciliate lineages: Colpodea + Oligohymenophorea + 
Nassophorea + Plagiopylea + Prostomatea + Phyllopharyngea (CON- 
threeP). CONthreeP is consistently recovered on 18S rRNA phy- 
logenies but  there is no  associated  morphological  synapomorphy 
(Adl et al., 2012; Cavalier-Smith, 2004; Lynn, 2008). Regrettably, 
  
at the time of the analyses, we did not have multigene data for 
the other four classes to conclusively determine the monophyly 
of CONthreeP. 
Both the ML and BI analyses have supported maximally an 
assemblage formed by Litostomatea + Armophorea + Spirotrichea 
(SAL) in agreement with previous studies, though the support was  
very  weak  (Riley  and  Katz,  2001;  Vd’acˇny´  et  al.,  2010).  The 
Litostomatea + Armophorea assemblage has been recovered fre- 
quently in phylogenetic studies. However, the support for this rela- 
tionship has never  been strong  (Embley and Finlay,  1994; Gong  
et al., 2009; Hammerschmidt et al., 1996; Hirt et al., 1995; Vd’acˇny´  
et al., 2010). Nevertheless, the two classes do share some 
ontogenetic features (Foissner and Agatha, 1999). Based on these 
findings,  Vd’acˇny´   et  al.  (2010)  proposed  that  Litostomatea  and 
Armophorea be united into the Lamellicorticata. In our ML analy- 
sis, the two classes do indeed have a sister relationship, although 
the support is weak (Fig. 1). In the BI analysis, litostomes and arm- 
ophoreans do not have a sister relationship, instead the armopho- 
reans are sister to spirotrichs (Fig. 2). Spirotrichea and Armophorea 
undergo extensive chromosomal fragmentation resulting in gene-
sized chromosomes, whereas the Litostomatea possess mac- 
ronuclear chromosomes of larger size, a character shared by the 
CONthreeP cluster (Lipscomb et al., 2012; McGrath et al., 2007; 
Riley and Katz, 2001; Swart et al., 2013). This suggests that gene- 
sized chromosomes arose only twice within ciliate evolution. 
Regrettably, at the time of the analyses there were  no available 
data from Phyllopharyngea, the only other group of ciliates known 
to have gene-sized macronuclear chromosomes. 
 
4. Conclusions 
 
Our aims in this first phylogenomic analysis of major clades of 
the phylum Ciliophora were to confirm the monophyly of the  
group, to resolve the phylogenetic position of the cytologically 
unusual ciliate Protocruzia, and to explore the deeper relationships 
within the phylum. We have vigorously confirmed the monophyly 
of the Ciliophora in agreement with ultrastructural, rRNA gene 
studies and some protein gene sequences. We postulate that 
Protocruzia is not a spirotrich, but its exact position remains 
unclear, at least until a representative of the Karyorelictea is 
included in the analyses. Although we do not have a complete sam- 
pling of all classes assigned to CONthreeP, we have representatives 
from all other classes in the Intramacronucleata. In this regard, our 
analyses have confirmed the ‘‘super’’ clade SAL, which is strongly 
supported. It will be intriguing to see if this ‘‘super’’ clade remains 
stable as future studies complete the sampling of the classes. 
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